To determine the effect of the new quinolone ciprofloxacin on airway ciliary motility, we studied ciliary beat frequency (CBF) of rabbit tracheal epithelium using an in-vitro microphoto-oscillation method. Incubation of the cells with ciprofloxacin increased CBF in a concentration-dependent manner, the maximal increase from the baseline value and the ECs, being 171 ± 20% (P < 001) and 10" 77! M, respectively. This ciliary stimulatory effect was not affected by propranolol or indomethacin but was nullified by verapamil. These results suggest that ciprofloxacin probably increases airway epithelial ciliary motility by facilitating Ca 2+ influx through a voltage-dependent channel.
Introduction
Mucociliary transport in the respiratory tract plays a crucial role in the lung defence mechanism by clearing the airway mucosa of inhaled particles, bacteria and cellular debris. This transport function is dependent on the interaction between ciliary epithelial cells and airway mucus, where the beat frequency and coordination of cilia are important factors (Wanner, 1977) .
New quinolones and macrolides have been widely used in the treatment of acute and chronic respiratory infections. It has recently been shown that in addition to their antimicrobial activity macrolides represent a variety of biological actions on airway mucociliary system. For example, erythromycin inhibits mucus and Cl secretion (Goswami, Kivity & Marom, 1990; Tamaoki et al., 1992a) and stimulates airway epithelial ciliary motility (Tamaoki et al., 19926) . However, it is unknown whether new quinolones possess such effects. Therefore, we studied ciliary beat frequency (CBF) of rabbit tracheal epithelium in response to ciprofloxacin using a microphoto-oscillation method in vitro.
Methods

Tissue preparation
Japanese-white rabbits (1 -8-2-4 kg) were anaesthetised with intravenous pentobarbitone (35 mg/kg). The trachea was removed and its mucosa was dissected free from the H. Takemnra et at. underlying connective tissue, cut into small pieces (1-2 mm 3 ) and placed on a microscopic coverglass. Tissues were then cultured in medium-199 containing 10% fetal calf serum at 37°C in a CO 2 incubator (95% air-5% CO 2 ). On the seventh day of incubation, a coverglass on which the tissue was adhered was mounted in a Rose chamber for the measurement of CBF.
Microphoto-oscillation technique
The microphoto-oscillation technique to measure airway epithelial CBF has been described in detail previously (Yager, Chen & Dulfano, 1978) . Briefly, the photometer (Hamamatsu Photonics, NFX-II, Hamamatsu, Japan) with a built-in periplanatic eyepiece, a limiting aperture, and a lateral focusing telescope were attached to the head of the microscope equipped with a phase-contrast condensor and an on-base type of halogen illuminator (Nikon, Optiphoto-XF, Tokyo, Japan). The Rose chamber was set on to the microscope stage and the tissues were perfused for 5 min with Krebs-Henseleit (K-H) solution at a constant pressure of 20 cm H 2 O. Because of the beating action of cilia, light from the illuminator passed through the preparation in varying intensities. These variations of light intensity were detected and transduced to voltage impulses by the photometer, which were amplified and continuously recorded on a pen recorder. In the measurement of CBF, the areas of ciliated cell clumps with free borders devoid of debris were randomly selected. Ciliary coordination was also assessed by the image of beating recorded on a video camera (Hamamatsu Photonics, C-1846-01) with a 0.75-inch videocasette recorder (Sony, VO-5800, Tokyo) capable of freeze-frame replay.
Effect of ciprofloxacin on CBF
The preparation was allowed to stabilize for 30 min. in K-H solution, and the baseline CBF was determined. The medium was then drained off the chamber and replaced with K-H solution containing 10 " 5 M ciprofloxacin (Bayer, Osaka, Japan) or its vehicle sterile saline alone (control), and CBF was continuously measured. To evaluate concentration-response relationship, ciprofloxacin (10~'-10~i < M) was cumulatively added to an individual chamber, while the highest recorded value in response to each concentration was determined.
To assess the mechanism of action of ciprofloxacin, we determined the CBF response to 10" 775 M ciprofloxacin, which was shown to be the concentration required to produce a half-maximal effect, EC50, in the absence and presence of the following pharmacologic blocking agents: propranolol (10 " 5 M, Sigma, St. Louis, MO, USA), a /?-adrenoceptor antagonist; indomethacin (3 x 10 ~6M, Sigma), a cyclooxygenase inhibitor; and verapamil (10~5 M, Eisai Co., Tokyo), a voltage-dependent Ca 2+ channel blocker. After incubating tissues with K-H solution for 30 min the medium was replaced with K-H solution containing each blocker, and 15 min later ciprofloxacin (10" 775 M) was added to the solution.
Statistics
All values were expressed as means ± S.E. Statistical analysis was performed by Student's /-test and Mann-Whitney U-test, n refers to the number of rabbits from which tracheal epithelial cells were obtained, and a P value of less than 005 was considered significant.
Results
As demonstrated in Figure 1 , there was no significant difference in baseline CBF of rabbit tracheal epithelium between the control group and experimental group (13-8 + 0-6 vs 140 ± 0-7 Hz, n = 6 for each) at time 0, and saline alone had no effect on CBF. Addition of ciprofloxacin (10 ~5M) elicited an increase in CBF to 16-2 ± 0-8 after 3 min (P < 005) and to 15-3 ± 0-7 Hz after 5 min (P < 0-05), which was followed by a gradual decline to the baseline level. The increase in CBF was concentrationdependent, the maximal increase from the baseline value and EC50 being 171 ± 2-0% (P < 001, n = 6) and 10" 775 M, respectively. None of the pharmacologic blocking agents per se, produced any effect on CBF. As shown in Figure 2 , pretreatment of cells with propranolol or indomethacin did not alter the ciprofloxacin-induced increase in CBF, but verapamil neutralised the ciliary stimulatory effect of ciprofloxacin (P < 005, n = 6).
Discussion
Our in-vitro studies demonstrate that ciprofloxacin increased CBF of rabbit tracheal epithelial cells in a concentration-dependent manner, suggesting that this new quinolone may be capable of stimulating airway mucocialiry clearance. This conclusion is based on the following: first, the propulsion of airway mucus by cilia depends on ciliary length, beat frequency, and physicochemical properties of airway surface fluid (Satir & Sleigh, 1990) , and the increased CBF may theoretically lead to the enhanced mucociliary transport rate (Ross & Corrsin, 1974) . Second, coordination of ciliary beating (the metachronal wave) is also an important determinant of mucociliary transport (Satir & Sleigh, 1990 ), and we found that ciliary coordination was maintained when ciprofloxacin was applied throughout the experiments. Therefore, ciprofloxacin may produce favourable effects in patients with respiratory tract infections not only through its antimicrobial activity but also by stimulating airway mucociliary clearance.
In our experimental system, significant increases of CBF were observed at ciprofloxacin concentrations of 10"'M and higher. Previous studies showed that in patients receiving oral ciprofloxacin at 100 mg, the local concentrations of ciprofloxacin in human bronchial mucosa and epithelial lining fluid were 4-2 x 10" 6 M and 5-2 x 10" 6 M (Kobayashi & Shimura, 1985) , respectively. These concentrations are sufficient to increase airway epithelial ciliary motility, and it is thus possible that ciprofloxacin, when applied at a clinical dosage, could be stimulating mucociliary transport.
Airway ciliary motility can be regulated by several factors, such as /J-adrenoceptor function, cyclooxygenase products of arachidonic acid metabolism, and Ca 2+ influx into the epithelial cells (Iravani & Melville, 1975) . In the present study, pretreatment of cells with propranolol or indomethacin did not alter the ciprofloxacin-induced increase in CBF, but verapamil neutralised the ciliary stimulatory effect of ciprofloxacin. These results indicate that contributions of /?-adrenoceptors and cyclooxygenase products seem unlikely and that ciprofloxacin may have exerted its effect by facilitating Ca 2 + influx through voltage-dependent channels and the concomitant increase in intracellular Ca 2+ levels.
